The synthesis and properties of two new silicon-containing cage systems are reported. These are prepared by transition metal-catalyzed cyclotrimerizations of siliconcontaining tripod triynes. Trimerizations of this type give both 1,2,4 and 1,3,5 benzene ring isomers. These isomers have been separated and characterized by a variety of means including multi-nuclear NMR and X-ray analysis. Collaborative ab initio computations have been carried out to examine the stability of in versus out isomers in related cage systems.
over 1/2 hour at 0°. The solid that formed was removed by filtration through a short silica gel column. After roto-evaporation, flash chromatography over silica gel gave good yields of purified tripod (see Table 1 ). Characterizations were made by 1 H NMR, 1 *C NMR, 29 Si NMR, MS, and elemental analysis, where necessary. Cyclotrimerization (eq. 2 for n-2, 3, and 9): The t-butyl tripod (0.045 mol) dissolved in 25 ml hexane was added to a mixture of T1CI4 (0.014 mol) and 1-BU3AI (0.030 mol) dissolved in 600 ml hexane. Addition to the refluxing, stirred catalyst solution was carried out by syringe pump over 60 hours. The reaction flask contents were then cooled, 15 ml of i-propanol was added after which the contents were filtered through a silica gel bed. Roto-evaporation generally gave a partially solidified liquid. GC analysis gave the 1,2,4 to 1,3,5 ratios at this stage. Isolation and purification were carried out by flash chromatography using silica gel eluted with hydrocarbon(usually hexane)/ethyl acetate mixtures. 1 Characterizations were made using all standard techniques including NMR, MS, elemental analysis, and, where possible , X-ray analysis (see text). For both n= 2 and 3, both isomers 1 and 2 could be separated although the quantity of 2 isolated was typically quite small. For n= 9, isomer separation was very difficult. As a result most data were collected with mixtures in which the 1,3,5 isomer dominated by at least six-fold. A satisfactory elemental analysis for n= 9 was obtained for such a mixture of isomers. The NMR data for these compounds follows (given in ppm referenced to tetramethylsilane):
NMR of 1 (n= Results:* In our earlier report, we showed that silicon-containing cage assembly leading to 1 and 2 for n= 3 could be carried out by cyclotrimerization of a tripod triyne in about 30% yield (eqs. 1-2). 1 The n= 2 and n= 9 cage systems have now been prepared in an analogous way.
Each system gives both a 1,3,5 and 1,2,4 isomer. These have been separated and characterized as indicated in the Materials and Methods Section. The statistical 1,2,4 to 1,3,5 isomer ratio is expected to be 3. In these studies, we anticipated that both isomers would form, but we thought that the more symmetrical 1,3,5 isomer might be favored over its statistical value because of steric considerations. In Table 1 , in which the average of at least four determinations have been collected, we see that the 1,2,4 isomer is favored over the statistical value for n= 2 and 3 while 48% 33% 0.8 the 1,3,5 isomer for the n= 9 system is produced in much greater abundance than its statistical amount. The isomer ratio is quite sensitive to the size of the cage being assembled with the smaller cages preferring the more open, less strained 1,2,4 structure. X-ray structural information has been obtained for the n= 2 isomers 1 and 2, but not for the n= 9 isomers (n= 3 reported previously 1 ). Isomer 2 for n=2 is somewhat more disordered than 2 for n= 3; however, good structural parameters were obtained. 1 -7 Comparison of various structural parameters for 1 and 2 for n= 2 and 3 are given in Table 2 . Isomer 1 for n= 9 was Discussion:* Both X-ray analysis and NMR were used to characterize 1 and 2. Because of the ring asymmetry of isomer 1, 13 C NMR is particularly informative for characterization. Thus, the 1,2,4 isomer for n= 3 shows all 17 of the nonequivalent carbons. Surprisingly, the corresponding spectrum for n= 2 is far more complex, presumably due to conformational effects, which also complicate its 1 H NMR. 4 · 5 · 8 In contrast, the 13 C NMR of the 1,3,5 isomers for n= 2, 3, and 9 are very simple. The 29 Si spectra indicate a downfield chemical shift of the mixture of 1 and 2 for n= 9 (compared to the smaller cages). This may reflect either a diminution of the interaction between silicon and the π cloud of the benzene ring or a change in the silicon shift caused by Si-O-C bond angle changes.
The X-ray structural data obtained on 1 and 2 for n= 2 and 3 clearly show that the isomers of n= 2 are more strained than those of n= 3 ( Table 2 ). Although benzene ring puckering is greater for n= 2 than n= 3 in both 1 and 2 (not shown in Table 2 ), these rings are not greatly perturbed by cage size. Rather, we see other large angle differences in comparing these compounds. For example, in all four compounds the O-S1-CH2 angle is large, but substantially larger for n= 2. The O-CH2-CH2 angles show surprising variations being larger for n= 2 over n= 3 in 1, but smaller in 2. The most striking manifestation of the greater strain in the n= 2 isomers is seen in the angles between the mean plane of the benzene ring and the attached (proximate) CH2. This angle is 24° for both n= 2 isomers, but only 8° and 6° for n= 3. Obviously, the benzene rings of these compounds tend to keep their geometry and planarity while other portions flex to accommodate different cage sizes.
Other spectroscopic tools give only limited information for 1 and 2. Mass spectral analysis of our cages gives only one characteristic ion, namely, that from loss of t-Bu radical from the parent ion (M-57). Infrared analysis, while showing characteristic absorptions, makes no distinction between various isomers or cage sizes. The ultraviolet spectra of 2 for n= 2, 3, and 9 are consistent with previous observations of a bathachromic shift as the cage size decreases. 4 Thus, UV absorptions (all with ε values between 150-1000) vary respectively from 281 to 263 to 252 nm. These effects are believed to be a consequence of bending of the benzene ring. 4 The yield data collected in Table 1 suggest that cage size is an important aspect of overall success in these cyclotrimerizations. Using a variety of conditions, we could not obtain yields much over 30% for n= 3 and 9. The more highly strained n= 2 system was more difficult to cyclotrimerize. In this system we have actually obtained dimeric sideproducts in which two tripod molecules cyclotrimerize to give two benzene rings.
Pascal and coworkers have studied a series of compounds all having inward directed hydrogens attached to a quaternary carbon and, in one case, silicon (4). While our synthetic efforts have yet to yield compounds with hydrogen on silicon, we have undertaken some collaborative ab initio computational studies bearing on inside-outside isomer stability. As part of a program to evaluate parallel computing techniques, Professors Mark S. Gordon and Michael W. Schmidt have studied a series of carbon and silicon cages (5 with Ε bearing an H) at the RHF/6-31G(d) computational level.
9 Table 3 summarizes some of their results for the n= 3 cage of 5. The carbon cage with hydrogen directed inward is 13 kcal/mol more stable than the out isomer.
On the other hand, the corresponding silicon system exhibits the opposite effect with the outside isomer being favored by 42 kcal/mol. Presumably, this is a reflection of the greater electropositivity of silicon making its hydrogen more negative than the corresponding hydrogen attached to carbon. As a result, the more negative hydrogen on silicon prefers to be outside the cages, thus minimizing electron repulsions with the benzene π cloud. Two other computational results verify this explanation: (1) when n= 4 the outside isomer for silicon is only 3 kcal/mol more stable while the inside isomer for carbon is favored by 18 kcal/mol and (2) when Y= Ο and n= 3, the outside isomers for both silicon and carbon are favored. Thus, when the CH2 chains are longer, the electron repulsions are lessened and, as a result, the inside silicon isomer is not as unfavorable. Changing Y to oxygen makes the quaternary carbon more positive (more silicon-like) and, as a result, dramatically increases electron repulsions for the inside isomer to the extent that it is no longer favored.
